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rj	 Abstract
An investigation was conducted to determine the fabrication feasibility and to
assess the potential of adhesively;nonded metal and resin matrix fiber composite
hybrids as an advanced material, for aerospace and other strurtural applications.
The results of fabrication studies and of evaluation r. f phv c .cal and mechanical
properties show that using this hybrid concept it is p ,.iole to desiqn a com-
posite which, when compared to nonhybrid composites, has improved transverse
strength, transverse st'.ffness, and impact resistance with only a small penalty
on density and longitudinal properties. The results el ,o s 17ow that laminate
theory is suitable f)r prtaictinq the structural response of :uch hybrids. The
—'- -'- ° •-	 sequence of fracture r^odes indredtes that these types of hybrids can be readily
.`_.,des.igmd.to meet fail-safe requirements.
i
1. INTRODUCTION
Advanced fiber/resin and fiber/metal matri> com-
posites are used mos efficiently when the fiber
and load di-ections are coincident. To provide
strength or stiffness in more than one direction,
composites with fibers oriented in several direc-
tions are nd(!essary. Orienting fibers in mo re
than one direction in the same composite, how-
ever, reduces their efficiency and can introduce
lamination residual st resses comparable to the
transverse and shear strength properties of the
unidirectional composite. These lamination resid-
ual streTses may ' i mit the resistance tc mechani-
cal roads of composite compor^nts. In particular,
it may recuce their resistance to thermal and/or
inech;6cal cycfic load. In addition, courerci^fj
available graphite-fiber/resin- and boron-fiber/
aluminum composites are inherently weak in impact
and erosion resistance.
The aforementioned difficulties may be overcome
to a significant extent by the adhesively-bonded
metal and resin matrix fiber composite hybrid
concept. This can be accomplished by using the
best characteristics of resin matrix, metal matrix,
and foil materials combined in a hybrid composite.
Metal and resin matrix fiber comp^site hybrids
discussed in this paper are adhe = ;vely-bonded uni-
directional composites made from graphite-fiber;
epoxy and boron-fiber/aluminum ard a few strategi-
cally located titanium foil layers (see schematic
figure 1). The addition of the titanium layers
improves the laminate transverse pros^^ties and
eliminates the need for angleplying.
It is the objPr + i%e of this paper to describe the
adhesively-bonded metal and resin matrix fiber
composite hybrid concept and report on some experi-
mental and theoretical results which give an indi-
cation of its	 potential. For this investigation
1
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laminates were made using various combinations of
the above composite systems Specimens from these
laminates were subjected to tension flexure, thin
specimen I::od impact, and notch-sensitivity vests.
Laminate annalysis was used to calculate the lamioz-
tion residual stresses throughout the hybrids.
The results obtained are compared with those of
metals and unidirectional composites and are dis-
cussed with respect to impact r^sistance. notch-
sensitivity, transverse strength, and ease of
fabrication.
The fabrication process, composite configurations,
specimen preparation, test methods, and method .)f
analysis are covered in the paper. Comparisons
with other composites are reported. Unique appli-
cations Mf the metal and resin matrix hybrid
composites to aerospace structures are identified.
In order to have meaningful qualitative and quan-
titative comparisons among the test results from
the several laminates used in this investigation,
the geometry of the test specimens was kept ds
siuilar as it was practical to dc.
t
2.	 OESCRIPTIOo OF COMPOSITE SYSTEMS
2.1 CONSTITUENT PLIES AND MATERIALS
Five type4-of laminates were made. 	 The types of laminates, laminate designations, constituent materials,
and material	 suppliers are listed below:
Laminate
Tyke Designation Materials Source
I Gr/Ep Unidirectional	 typ-	 A-S graphite fibers with Hercules, Inc.
type 3501/epoxy resin in the form of 3-inch
wide prepreg tape
II B/Al Diffusion-bonded unidirectional 	 layers of 5.6 Amercom, Inc.
mil diameter boron fibers in a 6061 	 aluminum
alloy matrix
III B/Al Monotape layers of 5.6 mil	 'iameter boron fibers Amercom, Inc.
in a 6061	 aluminum alloy matrix
Plies from the above mono Pape were adhesively American Cyanamid Co.
i. bonded using FM 1000 structural adhesive in
-film form
IV Ti.B/Al Titanium foil,	 (6AI-4V) 0.0015-inch thick as Teledyne Rodne y Metals
(hybrid) :rolled
Individual monotape layers of 5.6 mil 	 diameter Amercom, Inc.
boron fibers in a 6061	 aluminum alloy matrix
FM 1000 structural 	 adhesive in film form American Cyanamid Co.
V Ti,B/A1,Gr/Ep Titanium foil,	 (6A1,4V),	 0.0015-inch thick Teledyne Rodney Metals(hybrid)
Individual monotape layers of 5.6 mil diameter Amercom, Inc.
boron f l iers in a 6061 aluminum alloy
Type A-S graphite/3501 	 prepreg Hercules, Inc.
FM 1000 structural 	 adhesive in film form American Cyanamid Co.
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Thermal, physical and mechanical properties of the
above constituent materials are summart: d in
table 1.
2.2 LAMINATE FABRICATION
Type 1. Twelve unidirectional plies of A-5/3501
graphite prepreg tape were assembled and cured in
a metal mold using the standard curing conditions
recommended by Hercules, Inc. for this type of
epoxy resin system.
Type II. Eight unidirectional plies of B/A1 were
diffusion oonded by the manufacturer, Amercom,
Inc. The diffusion bonding conditions consisted
of 4500 psi pressure at a temperature of 950°F
for one-half hour.
Type III. Seven unidirectional plies of B/A1
were adhesively bonded using FM 1000 structural
adhesive. Prior to bonding, each B/Al ply was
treated with a 10 percent sodium dichromate solu-
tion at room temperature for 5 minutes. Each ply
was rinsed in water and methyl alcohol, then dried
During the bonding operation, a pressure of 600
psi, a temperature of 375°F, and a time of one-
hour were used to cure the adhesive.
Type IV. Five sheets of titanium foil and six
unidirectional pl ies of B/A1 were adhesively
bonded using FM 1000 structural adhesive. The
foil was laid up so that its primary rolling
direction was parallel to the fiber direction.
Prior to bonding, the titanium foil plies were
degreased and treated with a 5 percent hydroger.
fluoride solution for 30 seconds at room tempera-
ture. This was followed by a water and methyl
alcohol rinse and then drying. The prebonding
treatment of the B/A1 and the time-,essure-tem-
perature cycle for curing was identical to that
used for the Type iII laminates.
Type V. Five sheets of titanium foil, two pl:es
of B/A1, and six pl i es of graphite/epc, ,..e
adhesively bonded: The titanium ana U '- :lies
received the same treatment prior to ba^^ i n r.
the Type IV laminates. FM 1000 adhesive was used
for all of the metal-to-metal and metal-to-graph-
ite interface bonds. The graphite/eubxy plies
were bonded using the 3501 matrix resin. The
time-pressure-temperature cycle was selected to
initially cure the graphite/epoxy plies and then
effect bonding at the FM 1000 interfaces. The
procedure was as follows: After assembling the
various components of the laminate in a metal
mo l d, a thermocouple was placed in contact with
the edge of the composite. L Wabash-type lamin-
ating press was then preheated to 275°F. The
cold mold was placed in the press and 15 prig
contact pressure was initiated. When the thermo-
couple reached 100°F, contact pressure was main-
tained for 16 minutes. A pressure of 600 prig
was then initiated and a temperature of 275°F was
maintained for another 14 minutes to complete
gelation of the epoxy matrix resin. At the end
of this time period, the press temperature was
increased to 300°F and pressure was maintained
for 30 minutes to advance the cure of the epoxy.
At the end of this time period, the press tem-
perature was increased to 350°F and pressure was
maintained for 120 minutes to complete the cure
of the epoxy and the adhesive. The press heaters
were turned off and the l aminate was permitted to
cool under pressure to runm temperature.
Photomicrograph; of ty p ical cross sections of
the above laminates are shown in figure 2. The
materials and various plies in these laminates
are also indicated in this figure. The detailed
arrangement of the materials, plies and their
corresponding thicknesses are given in table 2.
3. DESCRIPTION OF TEST PROGRAM
in this section the specimen preparation, in-
strumentation, types of tests, and procedures are
described.
3.1 SPECIMEN PREPARATION
Unidriectional laminates ranging in thickness
from 0.05 to 0.06-inches were cut into 1/2-inch
I
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width specimens by using a precision wafer cut-
ting machine equipped with a diamond cutting
wheel. A specimen layout plan is shown in fig-
ure 3.
To determine the notch sensitivity of the lamin-
ates being investigated, through-the-thickness
center slots were placed in specimens using elec-
trical discharge machining. All notched specimens
were machined this way except for the Type I
transverse specimen. This specimen was double
edge notched using a .005-inch ;tide cutting wheel.
In all cases the notch root radius w , , .003-inch
or less. A single slot length, .0.7-inch, was
used for tests on laminate Types I, II, and V.
Two slot lengths, .010-inch and .017-inch. were
used for tests on laminate Types III and IV.
Where required, the specimen ends were reinforced
with adhesively bonded aluminum or fiber glass
tabs. All the specimens for determining longi-
tudinal smooth tensile properties had their ends
reinforced. In addition, all Type I specimens
that were subjected to tensile loadings had their
ends reinforced.
3.2 SPECIMEN INSTRUMENTATION
The specimens used to determine smooth tensile
properties were instrumented with strain gages
to measure longitudinal and transverse strain.
3.3 TYPES OF TESTS AND PROCEDURES
Composite density. Samples of each of the five
laminate types were evaluated for density by
using the ASTM D-792 test method for "Specific
Gravity and Density of Plastics by Displacement."
Smooth and Notch Tensile Strengths. The smooth
and notch tensile speci Ta F were loaded to failure
using a hydraulically actuated universal testing
machine. Longitudinal specimens had a test sec-
tion about 3-inches long, while transverse speci-
mens had a test section about 2-inches long. The
notched specimens were loaded to failure and the
maximum load noted. Loading was halted at con-
venient intervals when testing the smooth speci-
mens so that strain gage data could be obtained
using a digital strain recorder.
Flexural strengths. Test specimens having a
length of 3-inches were tested for flexural
strength in an Instron testing machine. A 3-
point loading system was used with a span of
2-inches.
Izod impact strengths. Unnotched specimens were
subjected to Izod impact strer;'.h tests using a
TMI Impact Tester equipped with a 2-pound hammer
The velocity of the hammer was 11 feet/second.
4. TEST RESULTS AND DISCUSSION
In this section test results obtained for density,
tensile smooth and notched flexural, and Izod
impact are summarized and discussed.
4.1 DENSITY
The measured densities of the laminates tested
are given in the first column of table 3. Note
that the density of laminate V (Ti,B/Ai,Gr/EP)
is the same as that of E-Glass/epoxy (.075 lb/in3j.
4.2 SMOOTH TENSILE TESTS
Table 3 summarizes the test data obtained from
smooth specimens (specimens without slots). This
table includes laminate longitudinal (load applied
parallel to fibers) and transverse (load applied
formal to fibers) tensile properties. Note in
this table that the `Initial tangent moduli and
Poisson's ratios are given. As can
	 seen in
table 3, inclusion of titanium foil layers in the
hybrids improves the transverse strength proper-
ties relative to the unidirectional material. The
longitudinal and transverse fracture strains of
the two hybrids are ar;roximately equal.
Comparing the results of the d i ffusion-bonded and
adhesively-bonded B/A1 laminates in table 3, it is
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seen that these laminates have approximately equal
properties except for the longitudinal fracture
stress. The longitudinal fracture stress of the
adhesively-bonded laminate is about 70 percent of
that of the diffusion bonded laminate
Stress-strain curves for all of the laminate types
are shown in figure 4a for loads parallel to fibers
and in figure 4b for loads transverse to the fi-
bers. Note that the stress-strain curves are
linear to fracture, or nearly so, for specimens
loaded parallel to the fibers (fig. 4a). However,
specimens loaded transverse to the fibers exhibit
considerable nonlinearity (fig. 4b). Curves of
Poisson's strain versus axial strain are shown in
figure 5.
One interesting result was the failure mode of the
Type V laminate (Ti,B/A1,Gr/Ep) tested in longi-
tudinal tension. The boron/aluminum plies failed
when the tensile stress produced strain about
equal to the fracture strains of the boron fibers.
The Gr/Ep plies remained intact and therefore
still capable of carryiny mecha ,,ical load. The
authors believe this failure made to be very sii-
nificant because these hybrids can be designed to
have inherent fail-safe desien characteristics.
4.3 NOTCH TENSILE TESTS
The test data obtained from slotted specimens are
summarized in table 4. Two interesting points to
be observed from the data in table 4 are the fol-
lowing:
(1) The notch effects are small and about the
same for both the longitudinal and traos-
verse directions in the hybrid composites
(2) Notch strengthening for the transverse
tensile specimens was observed in both
the diffusion-bonded and adhesively-
bonded B/A1 laminates. This strengthen-
ing may be attributed, in part, to the
transverse restraining effects of the
fibers at the slot ends.
4.4 FLEXURAL TESTS
The test data obtained from subjecting test speci-
mens to 3-point flexural loading are sumiarized
in table 5. The important points to be observed
from the data in table 5 are the following:
(1) The hyhrid composites exhibit sign{:i-
cant improvement in transverse strength
compared to other composites.
(2) The hybrid composites exhibit a decrease
in the longitudinal flexural strength
compared to other composites.
(3) The hybrid composite flexural longi-
tudinal modulus is slightly less than
the B/Al composite and greater than the
Gr/Ep composite.
(4) The transverse modulus of the Ti ,B/A1,
Gr/Ep hybrid composite is about four
times greater than that of the Gr/Ep com-
posite.
4.5 IMPACT TESTS
Data obtained by subjecting the thin composite
specimens to unnotched Izod impact tests are sum-
marized in table 6. Note in table 6 the impact
strengths of some other composite, and materials
are given for comparison purposes. In order to
make the comparison meaningful, the Izod impact
data were normalized with respect to the cross
sectional area of the composite. In table 6, the
lrw and high Izod impact strengths and the number
of specimens for each composite or material are
given.
The important point to be observed from the data
in table 6 is the following:
Using the metal and resin matrix hybrid com-
posite concept, composite materials may be
designed with Izod impact resistance approach-
ing that of aluminum. In addition, when the
Izod impact values are normalized with res-
pect to density the longitudinal impact
resistance of the Type V hybrid 1 ! about 70
percent of that of the titanium.
•
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5.0 DESCRIPTION OF THEORETICAL PROGRAM
In this section the calculation method used and
results obtained for laminate density, elastic
properties, plate-type sd efnesses and lamination
residual stress are described.
5.1 DENSITY AND ELASTIC PROPERTIES
Laminate analysis was used to assess the applica-
bility of linear laminate analysis to hybrid com-
posites. For this purpose, the laminate analysis
available in the Multilayer Fiber Composite Analy-
sis Computer code (ref. 1) was used. The inputs
for the analysis of the metal and resin matrix
hybrid composites consisted of the ply constituent
properties data .	 the 1 and the ply arrangement
and thicknesses data in table 2.
The output of the computer code consists of the
following:
(1) composite density
(2) longitudinal, transverse and shear moduli
(3) major and m;sur Poisson's ratios
(4) plate-typr: bending stiffnesses, a meas-
ure of th-n structural response of the
laminate
The flexural longitudinal and transverse moduli
are obtained from the plate-type bending stiff-
nesses using the following equations:
EFL = 12(D II
-D1 2/022 )/t3
	(1)
ErT = 12(D22 -O1 2/D 11 )/t3
	(2)
where E denotes moduluc; tte subscript F flexural,
L longitudinal and T tran,verse; the D's denote
plate-type bending stiffnesses with tna subscript
1 taken along the fiber direction and 2 transverse
to it; and t denotes the laminate thickness.
The results ui' the laminate analysis via the com-
puter code are summarized in table 7. In this
table the flexural moduli predicted by equations
(1) and (2) are given. Also, corresponding values
for aluminum and titanium are included for com-
parison purposes. As can be seen from these data,
unidirectional hybrid composites can be designed
with torsional stiffness equal to that of aluminum.
It is noted that no attempt was made to predict
fracture stresses (strains) of the hybrids in the
present investigation. However, if the fracture
strains in both longitudinal and transverse diiec-
Cicns are approximately the same and about equal
to the yield strain of the titanium or fracture
strain of the boron fibers, table 3, then predic-
tion of hybrid fracture strain should be rather
straightforward. Additional experimental data
needed to place the above observation on a
tirmer basis.
It is also noted that no attampt was made to deter-
mine stress intensity factors of the notched com-
posites and hybrids. Since the hybrid composites
exhibitei small notch-sensitivity, the stress in-
tensity factor for such hybrids mi ght not even be,
needed.
5.2 LAMINATION RESIDUAL 0RESSES
Lamination residual stresses are induced in the
constituent material layers of the metal and resin
matrix composites because of:
(1) mismatch of the thermal coefficient of
expansions
(2) the temperature di f terence between the
cure and room temperatures.
The lamination residual stresses were computed
using laminate analysis as is described in refer-
ence 2. The results are summarized in table 8.
Comparing lamination residual stresses from table
8 with corresponding fracture (yield) stresses ir.
table 1, it is seen that the lamination residual
stresses are relatively low. For example, those
in the adhesive are less than 50 percent of the
corresponding fracture stresses. Since the adhe-
sive has relatively low stiffness compared to the
other constituents, the hybrid can be subjected
to considerable mechanical load before the adhe-
6
sive will reach its fracture stress.
It is noted that the thermal fatigue resistance of
themetal and resin matrix hybrid composites needs
to be determined.
6. COMPARISONS Or PREDICTED AND MEASURED DATA
Comparing corresponding values from tables 3 and
7, it is seen that the laminate theory predicts
densities moduli and Poisson's ratios which ere
in good agreement with initial measured data. No
measured data were obtained for shear modulus, nor
measured directly for the plate-type bending stiff-
nesses.
Comparing corresponding values from table 5 and ?,
It is seen that linear laminate theory predicts
flexural longitudinal moduli which are in very
good agreement with measured data. The compari-
sons for flexural transverse moduli is fair with
the predicted values higher than the measured.
This is to be expected since transverse flexural
loading strains the specimen nonlinearly as shown
in figure 4b.
process. Introduction of the titanium
layers improves transverse properties
sufficiently so that angleplying is not
necessary.
(3) The hybrids with the titanium layers
will offer distinct advantages over
other composites where erosic , i and
impact resistance control the design.
In . addition these hybrids should be
suitable for joints and load transfer
in highly loaded components.
(4) Optimum combinations of metal/matrix
composites and titanium layers with
resin/matrix composites may be pos-
sible to meet a multitude of resign
requirements while maintaining fabri-
cation simplicity and low lamination
residual stresses.
(5) The fracture path/surface of the hy-
brids tested in this investigation
appeared to be well defined as compared
with advanced nonhybrid composites.
Photographs of fractured specimens are
shown in figure 6.
8. CONCLUSIONS
The important point from the above comparisons is
that laminate theory appears to be suitable for
predicting the structural response of the metal
matrix and resin matrix fiber composite hybrids.
And from what has been discussed previously, lam-
inate theory is expected to be applicable for
predicting the strength of tsiese hybrids based on
constituent plies and materials fracture data.
7. SOME IMPORTANT OBSERVATIONS
The following important observations are worthy of
note:
(1) The mechanical test results show that
adhesive bonding is a feasible method
for producing high quality composites
and composites with improved impact and
transverse properties.
(2) Using composites in the unidirectional
configuration simplifies the fabrication
The results of an investigation to determine the
feasibility of fabricating and to evaluate the
physical and mechanical properties of adhesively-
bonded metal matrix and resin matrix fiber com-
posite hybrids lead to the following conclusions:
(1) High quality hybrid composites can be
fabricated by adhesive bonding.
(2) Mechanical tests of adhesively-bonded
composite hybrids showed that it is
possible to make a composite with the
following desirable properties:
(a) Longitudinal strength and stiffness
approachin g corres ponding proper-
ties of other advanced fiber com-
posites.
(b) Transverse flexural strength ap-
proaching that of the yield strengir.
of titanium, 6A14V alloy.
(c) Longitudinal impact resistance ap-
7
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proaching that of aluminum.
(d) Transverse and shear stiffnesses com-
parable to those of 6061 aluminum.
(e) Density comparable to that of com-
mercially-available E-glass/epoxy
composites.
(3) Judicious location of the titanium-foil
layers in the laminates may result in
predictable high energy absorption fail-
ure modes for these hybrids. Along the
fiber direction fracture is governed by
the fiber fracture strain. Transverse
to the fiber direction and in shear,
fracture appeared to be governed by the
yield strain of the titanium foils.
(4) The lamination residual stresses in the
adhesive are about 50 percent of its
corresponding failure stresses, there-
fore, capacity remains for carrying
mechanical load in the hybrid composites.
(5) The Ti,B/A1,Gr/Ep hybrid exhibited a
primary fracture whereby the (B/A1)
plies failed leaving the Gr/Ep plies
intact. This failu— sequence might
be used to design fail-safe structural
components.
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TAME 1. - PROPERTUX OF CONST'ITUENfO USED TO MAKE NYP!RLD
0OMPDSITES (FROM MATERIAL SUPPLIERS),
Property Units Ti
(6 :1-0)
Adhesive
(F74-1000)
B/A1
(5.6/60C1)
Gr/Ep
(A-8/3501)
Density lb/in3 .10 ,042 .uDb ,057
Nominal thickness in, ,0015 .0005 .0070 .0050
Approximate
fiber volume percent ---- --- 50 GO
Modulus 106 psi
E1 16.0 .20 3^.8 18.5
E2Z 16.0 .20 21.0 2.0
G12 6.2 .07 7.2 .61
G23 6.2 .07 6.8 .37
Poiseon'a ratio
V 12 .30 .40
V23 .30 .40 .39 .47
coefficient
of thermal
expan. toff 10 ^'' ir./. in./OF
¢ 1 S.8 40.0 3.3 .33
c 2 '1.8 40.0 10.7 16.2
Fracture strocs 103 psi
C1T 120(1) Gf?l 220 181
"IC 120f1 ) 10 ; 280 105
^2 ^ 120(1)
"(2)
1(2)
20
^^
6
25
70 7 23	 I 13
(1) 0,24 n'fsot yield strewth
(2) Estimated value
Subscript notation; 1, alone fiber direction
trancverne to fiber
3, throud. thickness
T, tension
C, c.mpression
S, shear
O
CD
MO
I
1
W
'WILE 11. - LAMINATE DESCRIPTIONS
Lrvnlnate
Composition Composition Composition Composition Composition
(Gr/Ep) Llf,	 Bonded (1,/Al) Ad,.	 bonds-]	 (11/Al) 'T1/(117A1) '^1 ((U IA1)/(A•C(EY
Type -I 7pye-11 1;.Ix-ill 'Type-1'7 Iype•p
Layer Materiel t, (1) Layer Material. t, Layer Material t, Layer Material t, Layer Material t,
w. in, no. 1n, no, fu. no, in, no, in.
1 A-0, SWI 0,0049 1 b/Al (5.o U.W69 1 b/Al O.0074 1 Ti (6-4) 0.0015 1 Ti 0.0015
mil, 0061)
2 L FM lout, ,0005 L, FM lUW ,Wul 2 FM 1WU .00o73 L b/Al ,w74 3 Ti .0015 3 Ti ,0015
4 4 4 FTf LOW .0003 4 FM 1000 ,0001 4 FM 1000 .0007
B/Al .0074 ;: B/A1 ,0074 b b/AL .OU74
6 FM LOW .0005 G FM 1000 .0001 C^ FM 1000 ,0007
7 7 7 b/Al ,0074 7 B/Al ,0074 7 A-S/E .0000
8 0 9 FM 1000 .0003 B FM 1000 .0001 B A-0/1:: ,0050
(Total thickness
0,0552)
9 9 6/71 .0074 9 b/Al .0074 9 A-0/E .00:0
10 10 FM low .0003 10 FM 1000 .Wul 10 Fly. 1000 ,0007
11 11 8/Al .0074 11 71 ,0015 11 TS .0015
12 12 FM LOW ,0005 12 FM 1000 ,0001 12 FM 1000 .0007
(Total thlckness
O.obaa)
15 B/A1 .0074 15 B/Al .0074 15 AZ/E: ,Dow
(Total. thic?^,ess
0.obsc)
14 W 1000 .OU01 14 1-C1E .00LO
15 c/Al .0074 lb A-3/L, ,0060
1C 011060 ,0001 if FM IWO .Wo7
1 , b/Al .0074 17 c/AL ;:074
18 FM Iwo .wUI 16 04 1N;0 .0007
19 'Ti .0015 ID Ti .001,
CO FM low .00UI 20 FM 10 .00 .0007
.:1 '1f .001' 21 71 .0015
(T al thickness (Totul t1,l ckness
0.05 Y) 0.057ti)
r ' I t Denotes layer'hic?,%c:;s.
TABLE ILL. - MOPERTIEu OF 3MO0T11 TL=1LE 0FEC1WW;
La:i,mta
type
Constituents Density,
lb/in,
Fracture
0.ren^,.th,
lU' Psi
Fracture
strain,
per"Zit
Initial modulus
of elasticity,
lot Psi
Initial Poission'o
ratio
LonC_ IrWis. Long. Trans, Long, franc. Long. Trans.
I Or/3,P OA57 lCn L.	 '. 1,00 0.54 15 1.P U.33 0.03
II P./Al(l) .UqO L'JU 17.1 ,79 .12 „L .,., .V4 .14
III B/A1(^) .001 151 z6.1 ,07 .21 30 .06. .14
N Ti,	 B/A1 .090 11-0 44.1 .re .Se 20 .C7 .Iy
A' 'i i,	 P./A1,	 ,r/Ep .074 125 1.5 .76 1.01 113
(l) U11'fuoion- t011drd
(`)Adhesive-bonded
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1'AHLE VII. - SUMMARY OF PREDICTED(1)
 LINEAR ET,AbT1C l0NSl'AN1'S ARID MATE-TYPE BENLIW: Sl'IFFNESS FOR
IIYDI<1D COMPWII'E, Alit, tY)MI''MIOO1: 41'1'II jO; ,% 1%AOURED METAL 7ALUW
Laminate Conatltuento ben i,14 14.4'a s 106 Im1 tvi..,:ou'c Plain t,^pa Lendin g' Flexural n.od UI.L.
type 1L/L4^ r•^C.o stifl'na:::.{:) 	 lL-ia. 10r 	 pci
Lmr, 'frame, Ohear Motor TU,..r Dll 1'1L 4,,, IS , Lww. Trani,
1 '.r/Ep 0.057 10.5 I:,O O.C:1 O.ES O.U27 Slr U.5 !,4.1 10.3 10.6 L,0
II L/A1(6) .W!, 33.0 _1.0 7,20 ..b 11; 402 77.t, 30C 101 53,0 21.0
III b/AL(4) .09.5 S1.0 ::0.5 C=.VC If 450 CO.b 274 00.1 51,0 20.3
IV 71, III .103 30.0 19,0 6.92 .i7 3 C .0 247 82,B 27.2 1'!.0
V b 7A1, Or't1	 E . 07' 20.2 O.7 3.0 .20 ,11 359 CO.S 224 7L,U 1 21.1 13.3
Metal (Measure) volwc)
.090 10.0I^10,0 3,C1 ,33 1203 05.5 205 15U=10.0LO.OAl { r0!'d)TS (fA1-4V) .1F0 1, .0 LLO G.2 .30 JS.30 41
(1)propartles predicted Via Maltilayer Fiber Colaposita Computer Code (rot', 1)
W plata-type atiffner- for retala wre computed from the relation D11 . P^ 2 .. Et'/12(1-v2 ) and
DES . Et3 /6 uhare ' -!oo taken as O.OG in.
(S)DSfI'uBIon-bonded
(4) Adhavi Ve bonded
TABLE 'A 11. - ,'OM14JTED LAMINATION RESIDUAL STRESSES IN COMPD31TES DUE TO
COOLINO FROM SLOG F PROCESSING TEMPERATURE
Leminatc Constituents Residual stress, 106 psi
TS foil U/Al Gr/Ep Adhesive
Long. Trans. Long, Tams. Lone. Trans. Long.. Trans,
I Ur/Ep ___ ___ __. ___ 0 0
ttt 1'/A1 ('') --' '-- -0.1 -0.1 ___ ___ Z..0 3.1
IV 'I'1,	 D/A1 L.G -19,3 -1.0 - ---
v '1'1,	 B/A1, Gr/Ep 12.1 -19.6 llJ 2,4 -9.5 3.1
W itiffusion-bonded
(2)Adhesive-banded
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G
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3	 21	 ^
LAMINATION
DIRECTION
TITANIUM FOIL
ADHESIVE
BORONIALUMINUM
GRAPHITEIEPDXY
1
FIBER DIRECTION
Figure 1. - Schematic of adhesively-bonded metal matrix and resin matrix fiber composite hybrid.
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Figure 2. - Photomicrographs of composite s~imen cross sections . Magnification, XSO. 
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(a) LOADING PARALLEL TO FIBERS.
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Figure 4. - Stress-strain curves for smooth tensile specimens.
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